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Cells release into the extracellular environment diverse 
types of membrane vesicles of endosomal and plasma 
membrane origin called exosomes and microvesicles, re- 
spectively. These extracellular vesicles (EVs) represent an 
important mode of intercellular communication by serving 
as vehicles for transfer between cells of membrane and 
cytosolic proteins, lipids, and RNA. Deficiencies in our 
knowledge of the molecular mechanisms for EV formation 
and lack of methods to interfere with the packaging of 
cargo or with vesicle release, however, still hamper iden- 
tification of their physiological relevance in vivo. In this 
review, we focus on the characterization of EVs and on 
currently proposed mechanisms for their formation, tar- 
geting, and function. 



Introduction 

Intercellular communication is an essential hallmark of multi- 
cellular organisms and can be mediated through direct cell-cell 
contact or transfer of secreted molecules. In the last two decades, 
a third mechanism for intercellular communication has emerged 
that involves intercellular transfer of extracellular vesicles 
(EVs). Although the release of apoptotic bodies during apopto- 
sis has been long known (Hristov et al., 2004), the fact that also 
perfectly healthy cells shed vesicles from their plasma mem- 
brane has only recently become appreciated. These vesicles are 
generally referred to as microvesicles, ectosomes, shedding 
vesicles, or microparticles among others (Holme et al., 1994; 
Hess et al., 1999; Cocucci et al., 2009; Gyorgy et al., 201 1). The 
term exosome was initially used for vesicles ranging from 40 to 
1 ,000 nm that are released by a variety of cultured cells (Trams 
et al., 1981), but the subcellular origin of these vesicles remained 
unclear. Later, this nomenclature was adopted for 40-100-nm 
vesicles released during reticulocyte differentiation as a con- 
sequence of multivesicular endosome (MVE) fusion with the 
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plasma membrane (Harding et al., 1984; Pan et al., 1985). One 
decade later, exosomes were found to be released by B lympho- 
cytes and dendritic cells through a similar route (Raposo et al., 
1996; Zitvogel et al., 1998). The involvement of MVEs was 
demonstrated by the observation that fusion with the plasma 
membrane released exosomes together with previously endocy- 
tosed colloidal gold (Fig. 1; see Harding et al. in this issue). 
Several additional cell types of both hematopoietic and non- 
hematopoietic origin, such as cytotoxic T cells, platelets, mast 
cells, neurons, oligodendrocytes, Schwann cells, and intestinal 
epithelial cells, were also shown to release exosomes through 
MVE fusion with the cell surface (Simons and Raposo, 2009; 
Thery et al., 2009). That exosomes can also be secreted in vivo 
had already been proposed by observations that vesicles from 
prostate epithelial cells (prostasomes) correspond in size to the 
intraluminal vesicles (ILVs) of storage vacuoles (the equivalent 
of MVEs) in these cells (Ronquist and Brody, 1985). Vesicles 
with hallmarks of exosomes have been isolated from diverse 
body fluids, including semen (Ronquist and Brody, 1985; Park 
et al., 2011; Aalberts et al., 2012), blood (Caby et al., 2005), 
urine (Pisitkun et al., 2004), saliva (Ogawa et al., 201 1), breast 
milk (Admyre et al., 2007), amniotic fluid (Asea et al., 2008), 
ascites fluid (Andre et al., 2002), cerebrospinal fluid (Vella et al., 
2007), and bile (Masyuk et al., 2010). Most of these studies 
attributed the isolated vesicles to exosomes because of their 
exosome-like protein contents. However, circulating vesicles 
are likely composed of both exosomes and microvesicles (MVs), 
and currently available purification methods, as discussed later, 
do not allow one to fully discriminate between exosomes and 
MVs. That a single cell type releases both exosomes and MVs 
has, for example, either been demonstrated or suggested for 
platelets (Heijnen et al., 1999), endothelial cells (Deregibus 
et al., 2007), and breast cancer cells (Muralidharan-Chari et al., 
2009). Confusion on the origin and nomenclature of EVs has 
spread through the literature as well because vesicles with the 
size of exosomes that bud at the plasma membrane have also 
been called exosomes (Booth et al., 2006). For clarity, in this re- 
view, we will exclusively refer to exosomes as EVs originating 



© 20 1 3 Raposo and Stoorvogel This article is distributed under the terms of an Attribution- 
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub- 
lication date (see http://www.rupress.org/terms). After six months it is available under a 
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, 
as described at http://creativecommons.Org/licenses/by-nc-sa/3.0/). 



The Rockefeller University Press 

J. Cell Biol. Vol. 200 No. 4 373-383 

www.jcb.org/cgi/doi/ 1 0. 1 083/jcb.201 2 1 1 1 38 



JCB 373 




PM 



MHC II 10 
BSAG 5 



X 



MVE 



* 



. ■ ■ 



Figure l . Ultrastructure of exosomes. (top left) Exosomes isolated from melanoma cells were contrasted with uranyl-acetate and embedded as whole mount 
preparations in methylcellulose. Note their artificial cup shape appearance (examples are indicated with arrows) and heterogeneous size ranging from 
30 to 1 00 nm. (top right) Exosomes from prostate epithelial cells (prostasomes) were directly frozen and observed by cryo-electron microscopy without chemical 
fixation or contrasting. Exosomes appear round and are visualized with improved resolution (arrows). The elongated structure (top right of the micrograph) 
is the Formvar film on the EM grid, (bottom) EBV-transformed B lymphocytes were allowed to endocytose BSA coupled to 5-nm gold particles (BSAG 5) for 
1 0 min and then chased for 20 min in the absence of BSAG 5. Ultrathin cryosections were immunolabeled for MHC class II with 1 0-nm protein A gold. An 
MVE fusion profile (arrows) is defined by regurgitated 5-nm BSAG 5 that had previously been endocytosed. In addition to BSAG 5 (arrowheads), the exocytic 
profile contains exosomes labeled for MHC class II with 10-nm gold (MHC II 10; small arrows). PM, plasma membrane. Bars, 100 nm. 



from MVEs and to MVs for those EVs that are shed from the 
plasma membrane (Fig. 2). It should be noted that most studies 
have not clearly defined the origin of EVs under study; there- 
fore, we will mostly refer to EVs rather than MVs or exosomes. 
A major ongoing challenge is to establish methods that will 
allow one to discriminate between exosomes and MVs. Differ- 
ences in properties such as size, morphology, buoyant density, 
and protein composition seem insufficient for a clear distinction 
(Bobrie et al., 2011). Only when we are able to interfere with 
the molecular machineries required for EV formation and cargo 



sequestration will their origins be optimally determined. Such 
knowledge will also open new avenues to resolve their respective 
functions. In this review, we will highlight and discuss current 
experimental limitations that need to be resolved and the state of 
the art on the cell biology of EVs and their possible functions. 

Isolation and characterization of EVs 

One major challenge in the field is to improve and standardize 
methods for EV isolation and analysis (Thery et al., 2006). Cur- 
rently, EVs are mostly isolated from the supernatants of cultured 
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Figure 2. Release of MVs and exosomes. 

MVs bud directly from the plasma membrane, 
whereas exosomes are represented by small 
vesicles of different sizes that are formed as 
the ILV by budding into early endosomes and 
MVEs and are released by fusion of MVEs 
with the plasma membrane. Other MVEs fuse 
with lysosomes. The point of divergence be- 
tween these types of MVEs is drawn at early 
endosomes, but the existence of distinct early 
endosomes feeding into these two pathways 
cannot be excluded. Red spots symbolize clath- 
rin associated with vesicles at the plasma 
membrane (clathrin-coated vesicles [CCV]) or 
bilayered clathrin coats at endosomes. Mem- 
brane-associated and transmembrane proteins 
on vesicles are represented as triangles and 
rectangles, respectively. Arrows represent pro- 
posed directions of protein and lipid transport 
between organelles and between MVEs and 
the plasma membrane for exosome secretion. 



cells grown in fetal calf serum depleted of EVs by performing 
differential ultracentrifugation. Next, EVs can be efficiently 
separated from nonmembranous particles, such as protein ag- 
gregates, by using their relatively low buoyant density (Raposo 
et al., 1996; Escola et al., 1998; van Niel et al., 2003; Wubbolts 
et al., 2003), and differences in floatation velocity can be used 
to separate differently sized classes of EVs (Aalberts et al., 
2012). The size of exosomes is equivalent to that of the ILVs of 
the MVEs from which they originate (40-100-nm diameter). 
MVs are generally larger (up to ^1,000 nm in diameter), but 
also small vesicles (100 nm) may bud from the cell surface 
(Booth et al., 2006). Additional purification can be achieved 
by immunoadsorption (Wubbolts et al., 2003) using a protein of 
interest, which also selects for vesicles with an exoplasmic or 
outward orientation. Because of the increasing interest in exo- 
somes and other EVs and their potential use in therapeutics or 
as biomarkers for disease, commercially available kits that allow 
for "easy isolation procedures" are being developed and mar- 
keted. Such approaches should be taken cautiously because they 
often fail to distinguish between differently sized EVs and 
membrane-free macromolecular aggregates. Further character- 
ization of isolated EVs requires complementary biochemical 
(immunoblotting), mass spectrometry, and imaging techniques. 
Whereas large EVs are most often analyzed by conventional 
electron microscopy, small EVs can also be observed as "whole 
mount" samples when deposited without sectioning on electron 
microscopy grids (Raposo et al., 1996). In the latter approach, 
EVs may collapse during drying, resulting in a cup-shaped mor- 
phology, which is often considered erroneously as a typical fea- 
ture of exosomes (Raposo et al., 1996). Quickly frozen, vitrified 
vesicles analyzed by cryo-electron microscopy indeed show 
that exosomes and other EVs have a perfectly rounded shape 
(Fig. 1 and not depicted; Conde-Vancells et al., 2008). Comple- 
mentary to electron microscopy, nanoparticle tracking analy- 
sis allows determination of the size distribution of isolated 
EVs based on the Brownian motion of vesicles in suspension 



(Soo et al., 2012). Because conventional flow cytometers cannot 
distinguish between vesicles that are <300 nm, a novel high res- 
olution flow cytometry-based method has been recently devel- 
oped for quantitative high throughput analysis of individual 
(immunolabeled) nanosized vesicles (Nolte-'t Hoen et al., 2012b; 
vanderVlist et al., 2012). 

The molecular composition of EVs. The protein 
content of EVs from different sources has been analyzed by 
SDS-PAGE followed by protein staining, immunoblotting, or 
proteomic analysis. Highly purified EVs should be devoid of 
pollutants, such as serum proteins and protein components 
of intracellular compartments (e.g., the endoplasmic reticulum or 
mitochondria), that are never in contact with EVs. As a conse- 
quence of their origin, exosomes from different cell types con- 
tain endosome-associated proteins (e.g., Rab GTPase, SNAREs, 
Annexins, and flotillin), some of which are involved in MVE 
biogenesis (e.g., Alix and TsglOl; van Niel et al., 2006). Mem- 
brane proteins that are known to cluster into microdomains at 
the plasma membrane or at endosomes often are also enriched 
on EVs. These include tetraspanins, a family of >30 proteins 
that are composed of four transmembrane domains (Hemler, 
2003). Tetraspanins such as CD63, CD81, CD82, CD53, and 
CD37 were first identified in B cell exosomes in which they 
can be enriched > 100-fold relative to the transferrin receptor, 
which in this cell type can be considered as a genuine marker for 
both the plasma membrane and early endosomes (Escola et al., 
1998). Other studies confirmed that tetraspanins are abundant in 
EVs from other sources (Zoller, 2009). Although tetraspanin- 
enriched membrane domains are distinct from detergent-resistant 
lipid-protein rafts (Hemler, 2008), EVs are also enriched in 
proteins that associate with lipid rafts, including glycosylphos- 
phatidylinositol-anchored proteins and flotillin (Thery et al., 
1999; Wubbolts et al., 2003). In comparison to the plasma mem- 
brane, exosomes from a variety of cells (Wubbolts et al., 2003; 
Laulagnier et al., 2004; Subra et al., 2007; Brouwers et al., 
2012) are highly enriched in cholesterol, sphingomyelin, and 
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hexosylceramides at the expense of phosphatidylcholine and 
phosphatidylethanolamine. The fatty acids in exosomes are mostly 
saturated or monounsaturated. Together with the high concen- 
tration of cholesterol, this may account for lateral segregation 
of these lipids into ILVs/exosomes during their formation at 
MVEs. Less is known of the protein and lipid contents of MVs 
and whether particular components are enriched on MVs rela- 
tive to their originating plasma membrane. 

A major breakthrough was the demonstration that the 
cargo of EVs included both mRNA and miRNA and that EV- 
associated mRNAs could be translated into proteins by target 
cells (Ratajczak et al., 2006; Valadi et al., 2007). Later studies 
reported on the RNA contents of EV isolates from other cell 
cultures (Skog et al., 2008) and from body fluids (Hunter et al., 
2008; Rabinowits et al., 2009; Michael et al., 2010). EVs with 
features of exosomes released by immune cells have been dem- 
onstrated to selectively incorporate miRNA that can be func- 
tionally transferred as a consequence of fusion with recipient 
cells (Mittelbrunn et al., 201 1 ; Montecalvo et al., 2012). Recently, 
analysis of RNA from EVs by unbiased deep sequencing 
approaches demonstrated that, in addition to mRNA and miRNA, 
EVs also contain a large variety of other small noncoding RNA 
species, including RNA transcripts overlapping with protein cod- 
ing regions, repeat sequences, structural RNAs, tRNA fragments, 
vault RNA, Y RNA, and small interfering RNAs (Bellingham 
et al., 2012; Nolte-'t Hoen et al., 2012a). Many RNAs that were 
isolated with EVs were found to be enriched relative to the RNA 
profiles of the originating cells (Ratajczak et al., 2006; Valadi 
et al., 2007; Skog et al., 2008; Nolte-'t Hoen et al., 2012a), indi- 
cating that RNA molecules are selectively incorporated into 
EVs. It is important to note that many studies failed to demon- 
strate whether identified extracellular RNAs were truly asso- 
ciated with EVs or rather with RNA-protein complexes that 
may have been co-isolated with EVs. Whether RNAs are within 
the cytosolic lumen or associated with the outer membrane of 
EVs can be achieved by measuring flotation into sucrose gradi- 
ents and resistance to RNase digestion subsequent to protease 
treatment. Also, different RNA isolation methods give exten- 
sive variation in exosomal RNA yield and patterns (Eldh et al., 
2012), and such experimental variations between studies, to- 
gether with the lack of quantitative data, make it impossible 
to make a comparative inventory of the RNA species assigned 
to EVs so far. 

The database ExoCarta (http://www.exocarta.org) cata- 
logs proteins, lipids, and RNA that have been identified in EVs 
from different sources. As it is, the components listed may cor- 
respond to both MVs and exosomes. This catalog has recently 
been updated as the compendium Vesiclepedia that will con- 
tinuously be supplemented by novel contributions from different 
groups working in the field, using as much as possible equivalent 
and standardized EV isolation protocols (Kalra et al., 2012). 

Biogenesis of EVs and cargo selection 

Because exosomes are formed in MVEs and MVs originate by 
direct budding from the plasma membrane (Fig. 1 and Fig. 2), 
the cellular machineries involved in their formation and release 
are likely to differ, although mechanistic elements may be 



shared. Within the lysosomal pathway, MVEs are prone to fuse 
with lysosomes for degradation of their contents, differently 
from the itinerary of secretory MVEs. We and others have pro- 
vided biochemical and morphological evidence that these two 
distinct fates rely on distinct populations of MVEs that coexist 
within the same cell. Localization of cholesterol with the toxin 
perfringolysin indicated one cholesterol-rich MVE population 
for exosome secretion and another, morphologically identi- 
cal, but cholesterol-poor population for lysosomal targeting 
(Mobius et al., 2002). Conversely, lysobisphosphatidic acid is 
absent in exosomes (Wubbolts et al., 2003) but clearly present 
in lysosomally destined epidermal growth factor-containing 
MVEs (White et al, 2006). In dendritic cells, sorting of MHC II 
into exosomes is, in contrast to lysosomal targeting, indepen- 
dent of MHC II ubiquitination and rather correlates with incor- 
poration into the tetraspanin CD9-containing detergent-resistant 
membranes (Buschow et al., 2009). The generation of MVEs 
involves the lateral segregation of cargo at the delimiting mem- 
brane of an endosome and inward budding and pinching of 
vesicles into the endosomal lumen (Fig. 2). The molecular ma- 
chineries involved in the biogenesis of MVEs en route for deg- 
radation have been resolved based on the initial discovery of 
yeast mutants that were defective in the transport to the vacuole, 
the yeast analogue of mammalian lysosomes. These evolution- 
arily conserved proteins assemble into four multiprotein com- 
plexes: endosomal sorting complex responsible for transport 
(ESCRT)-O, -I, -II, and -III, which associate with accessory pro- 
teins (e.g., Alix and VPS4). The ESCRT-0, -I, and -II complexes 
recognize and sequester ubiquitinated membrane proteins at 
the endosomal delimiting membrane, whereas the ESCRT-III 
complex is responsible for membrane budding and actual scis- 
sion of ILVs (Raiborg and Stenmark, 2009; Hurley, 2010). The 
discovery of the machinery involved in MVE biogenesis gave 
rise to the speculation on its potential role in exosome forma- 
tion. As we discuss next, however, the function of ESCRT com- 
ponents in the formation of secretory MVEs appears to be more 
complex than originally supposed. 

ESCRT-inclependent and -dependent: mecha- 
nisms. In oligodendroglial cell lines, which secrete the proteo- 
lipid protein in association with exosomes, exosome biogenesis 
and secretion do not require ESCRT function but are depen- 
dent on sphingomyelinase, an enzyme that produces ceramide 
(Trajkovic et al., 2008). These observations are consistent with 
the presence of high concentrations of ceramide and derivatives 
thereof in exosomes (Wubbolts et al., 2003; Trajkovic et al, 2008; 
Brouwers et al., 2012). The existence of ESCRT-independent 
mechanisms for MVE formation is supported by the finding that 
cells concomitantly depleted of four subunits of the ESCRT 
complex are still able to generate CD63-positive MVEs (Stuffers 
et al., 2009). Recruitment of MHC II to exosomes from antigen- 
presenting cells occurs independently of MHC II ubiquitina- 
tion, again consistent with sorting mechanisms that may operate 
independently of the ESCRT machinery (Buschow et al., 2009). 
Our own studies in pigment-producing melanocytes indicate 
that mammalian cells developed pathways for MVE formation 
independently of both ESCRTs (Theos et al., 2006) and ce- 
ramide (van Niel et al., 2011). Tetraspanins, which are highly 
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enriched in MVEs, have often been proposed to play a role in 
the formation of ILVs and the exosome (Simons and Raposo, 
2009). MHC class II molecules in exosomes are associated with 
large protein complexes also containing tetraspanins (Wubbolts 
et al., 2003; Buschow et al., 2009). In another cell system, we 
have shown that CD63 functions in ESCRT-independent sorting 
to ILVs of the melanosomal protein PMEL (van Niel et al., 
201 1), a protein that is targeted to exosomes in melanoma cells 
(Wolfers et al., 2001). 

These aforementioned studies indicate that the ESCRT 
system may have distinct functions in EV production versus 
lysosomal protein sorting. Even though EV cargo proteins may 
not be selected through ubiquitination, some ESCRT compo- 
nents have been implicated in EV formation. For example, the 
transferrin receptor, which in reticulocytes is fated for exosome 
secretion, interacts with the ESCRT accessory protein Alix dur- 
ing its sorting at MVEs (Geminard et al., 2004). More recently, 
Alix was also shown to be involved in exosome biogenesis and 
exosomal sorting of syndecans through an interaction with 
syntenin (Baietti et al., 2012). Our unpublished data exploit- 
ing a medium throughput interference (RNAi) screen targeting 
23 different components of ESCRT-0/I/II/III and associated 
proteins in HeLa CIITA cells expressing MHC class II indicate 
a role for only a few members of this family (STAM [signal- 
transducing adaptor molecule], TsglOl, Alix, Hrs, and VPS4; 
Colombo, M., and C. Thery, personal communication). The 
ESCRT-0 component Hrs (Hepatocyte growth factor-associated 
tyrosine kinase) has been reported to be involved in exosome 
formation/secretion in dendritic cells (Tamai et al., 2010). The 
tumor suppressor protein p53 and its transcriptional target TSAP6 
have been implicated in the regulation of exosome secretion (Yu 
et al., 2006), illustrating potential couplings between signaling 
and exosome biogenesis (Hupalowska and Miaczynska, 2012). 
Moreover, p53 activity has been linked to the ESCRT-III com- 
ponent ChmplA (Manohar et al., 2011), further explaining a role 
for p53 in MVE and maybe exosome biogenesis. 

How cytosolic constituents are recruited into exosomes is 
unclear but may involve association of exosomal membrane 
proteins with chaperones such as Hsc70, that are found in exo- 
somes from most cell types (Thery et al., 2001 ; Geminard et al., 
2004). Using quantitative mass spectrometry, we identified a 
small subset of cytosolic proteins and proteins that, together 
with tetraspanins, coimmunoprecipitated with MHC II from 
lysed exosomes. These included Hsc70, Hsp90, 14-3-3 epsilon, 
and PKM2, all of which could potentially play a role in protein 
sorting to exosomes (Buschow et al., 2010). Hsc70 was also 
shown to interact with the transferrin receptor in maturing retic- 
ulocytes but not in other cell types (Geminard et al., 2004). 
Given the unfolding but still incomplete picture of both ESCRT- 
independent and -dependent aspects in the biogenesis of exo- 
somes, the mechanism is likely to be complex. Similarly, the 
mechanism for generation of MVs from the plasma membrane 
is largely undefined. In principle, oligomerization of a cytoplas- 
mic protein in addition to any plasma membrane anchor, includ- 
ing myristoylation and palmitoylation, appears sufficient to 
drive proteins into MVs (Shen et al., 2011). MV formation in 
breast cancer cells requires the actin-myosin machinery and the 



action of small GTPases, such as ARF6 (Muralidharan-Chari 
et al., 2009, 2010). Interestingly, a recent study provided evi- 
dence for the recruitment of the ESCRT-I subunit TsglOl to 
the plasma membrane by means of a tetrapeptide PSAP motif 
that drives the ARRDC1 (Arrestin 1 domain-containing protein 1) 
into MVs (Nabhan et al., 2012). Thus, the molecular ma- 
chineries for exosome and MV biogenesis may share mecha- 
nistic elements. 

How RNA species are sorted into EVs is also far from 
being resolved. Recent observations suggest that RNAs in EVs 
share specific sequence motifs that may potentially function 
as cis-acting elements for targeting to EVs (Batagov et al., 
2011). Although speculative, the finding that ESCRT-II is an 
RNA binding complex (Irion and St Johnston, 2007) opens the 
possibility that it may also function to select RNA for incorpo- 
ration into EVs. Moreover, the observations that MVEs are sites 
of miRNA-loaded RISC (RNA-induced silencing complex) 
accumulation (Gibbings et al., 2009) and that exosome-like ves- 
icles are considerably enriched in GW182 and AG02 implicate 
functional roles of these proteins in RNA sorting to exosomes. 

Mechanisms involved in the release of EVs 

The machineries involved in scission/release of MVs from the 
plasma membrane and those implicated in the mobilization of 
secretory MVEs to the cell periphery, their docking, and fusion 
with the cell surface are still at an early stage of comprehension. 
These processes require the cytoskeleton (actin and micro- 
tubules), associated molecular motors (kinesins and myosins), 
molecular switches (small GTPases), and the fusion machinery 
(SNAREs and tethering factors; Cai et al., 2007). The first indi- 
cations for the involvement of Rab GTPases in exosome secre- 
tion were from studies on reticulocyte cell lines, which required 
the function of Rab 1 1 for exosome secretion (Savina et al., 
2002). More recently, in an RNAi screen in HeLa cells targeting 
59 members of the Rab GTPase family, knockdown of Rab27a 
or Rab27b significantly reduced the amount of secreted exo- 
somes (Ostrowski et al., 2010). Rab27 is associated with secre- 
tory lysosome-related organelles (Raposo et al., 2007), and 
these findings thus also directly strengthen a role for endocytic 
compartments in exosome secretion. By analogy with other 
cell systems hosting secretory endo/lysosomes, Rab27 could be 
involved directly or indirectly in the transport and tethering at 
the cell periphery of the secretory MVEs. Along this line, silenc- 
ing of two known Rab27 effectors, Slp4 (also known as SYTL4 
[synaptotagmin-like 4]) and Slac2b (also known as EXPH5 
[exophilin 5]), inhibited exosome secretion and phenocopied 
silencing of Rab27a and Rab27b, respectively (Ostrowski et al., 
2010). In a separate screen, targeting Rab GTPase-activating 
proteins, knockdown of the Rab GTPase-activating proteins 
TBC1D10A-C and interference with its effector, Rab35, re- 
duced exosome secretion (Hsu et al., 2010). It should be noted 
that although Rabll, Rab27, and Rab35 all appear to be in- 
volved in exosome release, selective inactivation of each of 
these Rabs only partially impacted this pathway. The roles of 
these GTPases could be either complementary, cell type depen- 
dent, or only indirect by regulating pathways upstream of exo- 
some secretion. 
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Release of EVs was found to be regulated in several cellu- 
lar model systems. For example, MV release can be stimulated 
through activation of purinergic receptors with ATP (Wilson 
et al., 2004). Platelets are stimulated to shed vesicles from the 
plasma membrane and to release exosomes in response to 
thrombin receptor activation (Heijnen et al., 1998). Dendritic 
cells increase the release of MVs and change the protein com- 
position thereof in response to activation by lipopolysaccha- 
rides (Obregon et al., 2006; Nolte-'t Hoen et al., 2012c), whereas 
peptide-loaded immature dendritic cells were stimulated to re- 
lease exosomes in response to their interaction with T cells rec- 
ognizing peptide-loaded MHC class II (Buschow et al., 2009). 
Similarly, plasma membrane depolarization increases the rapid 
secretion of exosomes by neuronal cells (Faure et al., 2006; 
Lachenal et al., 201 1), and cross-linking of CD3 in T cells stim- 
ulates exosome release by T cells (Blanchard et al., 2002). One 
central trigger for the release of EVs appears to involve increasing 
intracellular Ca 2+ concentrations, as demonstrated, for example, 
for a human erythroleukemia cell line (Savina et al., 2005) and 
mast cells (Raposo et al., 1997). 

Little is known about the machinery that drives MVE 
fusion with the plasma membrane. The SNARE complex 
involved in Ca 2+ -regulated exocytosis of conventional lyso- 
somes includes VAMP7 and Ca 2+ binding synaptotagmin VII 
(Rao et al., 2004). Whether the exocytic fusion of MVEs is 
similarly modulated and/or controlled by the same fusion 
machinery is debated: Exosome secretion by maturing reticulo- 
cytes appeared to rely on VAMP7 function (Fader et al., 2009), 
whereas in MDCK cells, expression of the Longin domain of 
VAMP7 selectively impaired lysosomal secretion but not the 
release of exosomes (Proux-Gillardeaux et al., 2007). In a re- 
cent study, it was demonstrated that secretion of exosomes car- 
rying the morphogen Wnt is dependent on the R-SNARE Ykt6 
(Gross et al, 2012). 

The V0 subunit of the vacuolar V-ATPase, which is in- 
volved in fusion events independently of its proton pump activ- 
ity, may, through its association with SNAREs, form fusion 
pores (Marshansky and Futai, 2008). The VO-ATPase has been 
proposed to regulate MVE secretion in Caenorhabditis elegans 
(Liegeois et al., 2006), but these findings await validation in 
mammalian cells. 

Interactions of EVs with recipient cells 

Functions of EVs in physiological and pathological processes 
depend on the ability of EVs to interact with recipient cells to 
deliver their contents of proteins, lipids, and RNAs (Fig. 3). 
Specificity of target cell binding is illustrated by the finding that 
isolated B cell exosomes selectively bind follicular dendritic 
cells in lymphoid follicles (Denzer et al., 2000). Similarly, EVs 
released by a human intestinal epithelial cell line interacted 
preferentially with dendritic cells rather than with B or T lym- 
phocytes (Mallegol et al., 2007). The cellular and molecular 
basis for EV targeting is still undetermined, but several target 
cell-dependent and -conditional aspects are beginning to 
emerge. Target cell specificity for binding of exosomes (or other 
EVs) is likely to be determined by adhesion molecules, such 
as integrins, that are present in EVs. For example, T cells can 



recruit MHC class II-containing dendritic cell-derived exo- 
somes that are secreted in response to cognate dendritic cell-T 
cell interactions (Buschow et al., 2009). Recruitment of these 
exosomes required T cell activation and was dependent on 
an induced high-affinity state of LFA- 1 (leukocyte function- 
associated antigen- 1) rather than on T cell receptor specificity 
(Nolte-'t Hoen et al., 2009). Exosomes carrying MHC class II 
and ICAM-1 from mature dendritic cells can also be recruited 
by bystander dendritic cells with help of LFA-1 (Segura et al., 
2007). Differences in exosomal tetraspanin complexes also 
appear to influence target cell selection in vitro and in vivo 
(Rana et al., 2012), possibly by modulating the functions of as- 
sociated proteins, including adhesion molecules such as integ- 
rins (Hemler, 2003). Yet other molecules, such as galactin-5 and 
galectin-9, are involved in the clearance of reticulocyte exo- 
somes by macrophages (Barres et al., 2010) and in the targeting 
of nasopharyngeal carcinoma-derived EVs to CD4 + T cells 
(Klibi et al, 2009), respectively. 

After binding to recipient cells, EVs may remain stably 
associated with the plasma membrane or dissociate, directly 
fuse with the plasma membrane, or be internalized through dis- 
tinct endocytic pathways (Fig. 3). When endocytosed, EVs may 
subsequently fuse with the endosomal delimiting membrane or 
be targeted to lysosomes for degradation. Stable and persistent 
cell surface exposure can be expected, particularly on cells that 
display little if any endocytic activity, as was proposed for MHC 
class II-carrying exosomes associated with follicular dendritic 
cells that do not synthesize MHC class II themselves but func- 
tion in the maintenance of T cell memory (Denzer et al., 2000). 
Detection of fusion of small EVs with the plasma membrane 
by fluorescence microscopy in live cells is limited by resolution 
and the fast dynamics of fusion events. Nevertheless, direct evi- 
dence for fusion of exosomes with target cell membranes has 
been obtained by labeling exosomes with the lipophilic dye 
R18, in which self-quenching is relieved upon dilution as a con- 
sequence of fusion (Montecalvo et al., 2012), resulting in flashing 
and an increase in the fluorescence of target cells. Several other 
studies provided evidence for the accumulation of captured EVs 
in endocytic or phagocytic compartments, with uptake depend- 
ing on the actin cytoskeleton, phosphatidylinositol 3-kinase 
activity, and dynamin-2 function (Morelli, 2006; Barres et al., 
2010; Tian et al., 2010). 

Functions of EVs 

To our knowledge, one the first studies reporting the functional 
interaction of EVs with cells is the promotion of sperm cell 
motility by prostasomes (Stegmayr and Ronquist, 1982). Over 
the past years, very diverse biological functions have been 
attributed to EVs (also summarized by Harding et al. in this 
issue), and it is now commonly accepted that exosomes and MVs 
represent important vehicles of intercellular communication 
in between cells locally or at a distance. 

In the early 80's, exosome secretion by reticulocytes 
was reported as a mechanism to eradicate obsolete molecules 
(Harding et al., 2013). Later, the capacity of exosomes to act as 
antigen-presenting vesicles, to stimulate antitumoral immune 
responses, or rather to induce tolerogenic effects has stimulated 
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Figure 3. Schematic of protein and RNA transfer by EVs. Membrane-associated (triangles) and transmembrane proteins (rectangles] and RNAs (curved 
symbols) are selectively incorporated into the ILV of MVEs or into MVs budding from the plasma membrane. MVEs fuse with the plasma membrane to 
release exosomes into the extracellular milieu. MVs and exosomes may dock at the plasma membrane of a target cell (1 ). Bound vesicles may either fuse di- 
rectly with the plasma membrane (2) or be endocytosed (3). Endocytosed vesicles may then fuse with the delimiting membrane of an endocytic compartment (4). 
Both pathways result in the delivery of proteins and RNA into the membrane or cytosol of the target cell. Fusion and endocytosis are only represented for 
exosomal vesicles, but plasma membrane-derived MVs may have similar fates. 



the interest of immunologists to investigate their potential use 
in clinics (Bobrie et al., 201 1; Chaput and Thery, 201 1). Tumor 
cells as well as other cells in tumor microenvironments also 
secrete EVs (exosomes and microvesicles), and there is evi- 
dence that these contribute to tumor progression by promoting 
angiogenesis and tumor cell migration in metastases (Rak, 2010; 
Hood et al., 201 1). Tumor-derived vesicles also bear immuno- 
suppressive molecules, which can inactivate T lymphocytes or 
natural killer cells, or promote the differentiation of regulatory 
T lymphocytes or myeloid cells to suppress immune responses 
(Zhang and Grizzle, 2011). 

Functions of EVs have also been reported in epithelia and 
in the nervous system. EVs released apically or basolaterally by 
intestinal epithelial cells appear to be involved in antigen pre- 
sentation at inflammatory conditions, and these EVs may confer 
the ability of static epithelial cells to act at a distance (van Niel 
et al., 2001). In the airways, EVs present in the bronchoalveolar 
fluid bear tolerizing molecules (e.g., in allergen-tolerized mice) 
or, conversely, may increase proinflammatory cytokine secre- 
tion by airway epithelial cells in asthmatic human patients 
(Prado et al., 2008; Qazi et al., 2010). 

Recent studies reported the association of membrane- 
bound morphogens to EVs, including Wnt (Gross et al., 2012; 
Luga et al., 2012; Beckett et al., 2013), and the Notch ligand 
DIM (Sheldon et al, 2010). Through Wnt signaling, fibroblast 
exosomes have recently been demonstrated to promote breast 



cancer cell dynamics (Luga et al., 2012). Also, in Drosophila 
melanogaster, Wnt-associated EVs have been implicated in sig- 
nal transduction, although here, exosomes do not appear to be 
essential for Wnt gradient formation in tissues (Beckett et al., 
2013). In addition to exosomes or MVs, small lipoprotein parti- 
cles may also contribute to the secretion and be responsible for 
tissue gradient formation of Wnt and Hedgehog (Panakova 
et al., 2005; Eaton, 2006; Neumann et al, 2009). 

Within the nervous system, neurons, oligodendroglial 
cells, and microglia secrete EVs that could be targeted from one 
cell type to the other (Faure et al., 2006; Kramer-Albers et al., 
2007; Lachenal et al., 201 1). EVs have recently been proposed 
to participate in myelin formation (Bakhti et al., 201 1) as well 
as in neurite outgrowth and neuronal survival (Wang et al., 
2011). Within the central nervous system, several pathogenic 
proteins that are involved in central nervous system diseases, 
such as prions (Fevrier et al., 2004), p-amyloid peptide (Rajendran 
et al., 2006), superoxide dismutase (Gomes et al., 2007), and 
a-synuclein (Emmanouilidou et al., 2010), are released from 
cells in association with EVs. These secreted vesicles are 
thought to participate in disseminating pathogenesis through 
interaction with recipient cells. Ultrastructural observations in 
situ in the gut of prion-infected mice showed the presence of 
A33 antigen-positive EVs (Kujala et al., 201 1), supporting their 
existence in vivo. Interestingly, a-synuclein can be detected 
in the plasma and cerebrospinal fluid of humans, extending the 
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interest for EVs as biomarkers in disease (Alvarez-Llamas 
et al., 2008; Al-Nedawi et al., 2009; Simpson et al., 2009). 

The interest of scientists and physicians in EVs has ex- 
panded logarithmically over the past decade in response to the 
discoveries that EVs are not only generated in cell culture but 
are also abundantly present in body fluids, carry RNA, and show 
a wide range of regulatory functions. As discussed, we are still 
at an early stage of deciphering the molecular mechanisms in- 
volved in EV biogenesis and recruitment of cargo therein. Spe- 
cific knowledge of these mechanisms will help us to intervene 
with EV function in vivo, an absolute requirement to decipher 
their precise role in physiological processes. Also, more accu- 
rate and standardized purification methods are required for the 
implementation in a clinical setting of EVs as biomarkers, vac- 
cines, or drug delivery devices. To help coordinate these enor- 
mous challenges, the International Society for Extracellular 
Vesicles was launched in 201 1. 
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